therefore, it is important to understand the cellular mechanisms of cholangiocarcinoma cell growth with a view to develop novel chemopreventive strategies.
Marijuana and its derivatives have been used in medicine for many centuries, and, presently, there is an emerging renaissance in the study of the therapeutic effects of cannabinoids. Ongoing research is determining that regulation of the endocannabinoid system may be effective in the treatment of pain (6, 29) , glaucoma (48) , and neurodegenerative disorders such as Parkinson's disease (33) and multiple sclerosis (3) . In addition, cannabinoids might be effective antitumoral agents because of their ability to inhibit the growth of various types of cancer cell lines in culture (9, (35) (36) (37) and in laboratory animals (16) . Indeed, we have recently demonstrated that the endocannabinoid anandamide (AEA) has antiproliferative effects on cholangiocarcinoma cell lines in vitro via a cannabinoid receptor-independent pathway involving the stabilization of lipid raft-membrane structures and the recruitment of death-receptor complexes into the lipid rafts (11) . Conversely, we have also shown that disruption of lipid raft integrity by the endocannabinoid 2-arachidonoyl glycerol leads to increased cholangiocarcinoma cell proliferation (11) . The downstream mechanisms of the antiproliferative effects of AEA on cholangiocarcinoma are unknown.
Wnt signaling proteins are known to exert an effect on a wide variety of developmental and pathological processes (42) . They can be divided further into two subclasses: the canonical pathway (Wnt/␤-catenin pathway) and the noncanonical pathway (Wnt/Ca 2ϩ or Wnt/JNK pathway) (21) . The canonical Wnt signaling pathway involves the inhibition of glycogen synthase kinase-3␤ and subsequent accumulation and nuclear translocation of ␤-catenin into the nucleus (30) . This pathway is thought to be overactive in various cancers (15) . However, the noncanonical pathway, including Wnt 5a, is more complex. Activation of this pathway is thought to trigger the intracytoplasmic release of Ca 2ϩ and the activation of subsequent Ca 2ϩ -related signaling (41) . Alternatively, Wnt 5a can interact with the receptor tyrosine kinase orphan receptor Ror2 to activate a JNK-mediated pathway (38) . The consequences of noncanonical Wnt signaling activation on cell proliferation are unclear. On the one hand, Wnt 5a has tumor-suppressive properties in acute lymphoblastic leukemia (34) and thyroid carcinoma (24) . Conversely, Wnt 5a has also been shown to increase endothelial cell proliferation and migration (8) .
To date, the effects of the noncanonical Wnt signaling pathway on cholangiocarcinoma growth have not been studied; however, Ca 2ϩ signaling has been shown to have opposing effects on cholangiocyte cell growth (17, 18) . Vascular endothelial growth factor (VEGF), for example, stimulates the growth of normal cholangiocytes by activation of the inositol triphosphate (IP 3 )/Ca 2ϩ signaling pathway with subsequent phosphorylation of Src and ERK1/2 (17) , and the hormone gastrin has been shown to inhibit cholangiocyte hyperplasia by activation of the IP 3 /Ca 2ϩ /PKC signaling pathway (18) . A role of calcium signaling in the control of neoplastic growth has also been established (1, 12, 22) . Increased cytosolic Ca 2ϩ may be responsible for the decrease in cholangiocarcinoma growth observed after administration of tauroursodeoxycholate (1), gastrin (22) , and ␥-aminobutyric acid (12) . The effects of Ror2 activation on cholangiocyte and cholangiocarcinoma cell growth, however, are unknown.
The aims of this study were 1) to demonstrate the antiproliferative effects of anandamide in an in vivo xenograft model of cholangiocarcinoma, 2) to determine the effects of anandamide on the noncanonical Wnt signaling pathway and to identify downstream effectors of this pathway, and 3) to evaluate the role of Wnt signaling on cholangiocarcinoma cell growth.
MATERIALS AND METHODS
Materials. All reagents were purchased from Sigma Chemical (St Louis, MO) unless otherwise stated. AEA was purchased from Tocris Bioscience (Ellisville, MO), and the recombinant Wnt 5a was purchased from R & D Systems (Minneapolis, MN). All primers for real-time PCR and shRNA plasmids were purchased from SuperArray (Frederick, MD). Antibodies directed against Wnt 5a, VEGF-A, VEGF-C, VEGF-R2, and VEGF-R3 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Specific antibodies against phospho JNK and total JNK were purchased from Cell Signaling Technology (Danvers, MA). The inhibitor for JNK (SP 600125) and the calcium chelator BAPTA/AM were purchased from Calbiochem (Gibbstown, NJ).
Nude mice studies. All animal experiments were performed in accordance with a protocol approved by the Scott and White Institutional Animal Care and Use Committee and as described previously (12) . Male Balb/c 8-wk-old nude (nu/nu) mice were kept in a temperature-controlled environment (20 -22°C) with a 12-h/light-dark cycle and with free access to drinking water and standard mouse chow. Mz-ChA-1 cells (5 ϫ 10 6 ) were suspended in 0.25 ml of extracellular matrix gel and injected subcutaneously into the back flanks of these animals. After the establishment of tumors, mice received AEA [10 mg/kg ip per day (10, 20, 43, 47) dissolved in 1:4 Tocrisolve: 0.9% NaCl] or vehicle injected three times per week. Tumor parameters were measured twice a week by an electronic caliper, and volume was determined as tumor volume (mm 3 ) ϭ 0.5 ϫ [length (mm) ϫ width (mm) ϫ height (mm)]. After ϳ2 mo, mice were anaesthetized with pentobarbital sodium (50 mg/kg ip) and euthanized according to institutional guidelines. Heart, liver, and kidneys were isolated, fixed in formalin, embedded in paraffin, processed for histopathology, and stained with hematoxylin and eosin for the detection of tissue damage. Statistical significance of tumor volumes was assessed using a two-way ANOVA followed by a Bonferroni post hoc analysis.
Histological assessment of tumors. Small tumor fragments were fixed in 10% buffered formalin for 2 to 4 h and embedded in low-temperature fusion paraffin (55-57°C), and 3-to 4-m sections were stained with hematoxylin and eosin and Masson's trichrome stains. For immunohistochemistry, sections were mounted on glass slides coated with 0.1% poly-L-lysine. After deparaffination, endogenous peroxidase activity was blocked by a 20-min incubation in methanolic hydrogen peroxide (2.5%). Endogenous biotin was blocked by the Biotin Blocking System (code X0590; DAKO, Copenhagen, Denmark) according to the instructions supplied by the vendor. Sections were hydrated in graded alcohol and rinsed in PBS (pH 7.4) before applying the primary antibody. Sections were incubated overnight at 4°C with antibodies for cytokeratin-7 (sc-23876), PCNA (sc-56), VEGF-A (sc-152), VEGF-C (sc-9047), VEGF-R2 (sc-6251), and VEGF-R3 (sc-321). Samples were then rinsed with PBS for 5 min, incubated for 20 min at room temperature with secondary biotinylated antibody (DAKO LSAB Plus System; HRP, Milan, Italy), incubated with DAKO ABC (DAKO LSAB Plus System), and finally developed with 3-3Јdiaminobenzidine. For the detection of apoptosis on the single cell, the terminal deoxynucleotide transferase end labeling (TUNEL) method (ApopTag; Oncor, Gaithersburg, MD) was used. For all immunoreactions, negative controls (the primary antibody was replaced with normal serum from the same species) were also included.
Light microscopy and immunohistochemistry observation were taken by BX-51 light microscopy (Olympus, Tokyo, Japan) with a video cam (Spot Insight; Diagnostic Instrument, Sterling Heights, MI) and processed with an image analysis system (Delta Sistemi, Rome, Italy). Light microscopy and immunohistochemical observations were independently performed by three pathologists in a blinded manner.
The numbers of PCNA, cytokeratin-7, VEGF-A, VEGF-C, VEGF-R2, VEGF-R3, and TUNEL-positive tumor cells were assessed in six slides for each group. Positive cells were counted in six nonoverlapping fields (magnification ϫ20) for each slide and the data expressed as percentage of positive cells.
The degree of fibrosis was evaluated in six randomly nonoverlapping fields (magnification ϫ20) for each slide using light microscopy of Masson's-stained sections as previously described (7).
Cell culture. All in vitro experiments were performed in Mz-ChA-1 cells, which is a human cholangiocarcinoma cell line derived from gallbladder (23) . These cells were a kind gift from Dr. G. Fitz (University of Texas Southwestern Medical Center, Dallas, TX) and cultured as previously described (11, 12) .
Real-time PCR. RNA was extracted from Mz-ChA-1 cells after treatment with AEA (10 Ϫ5 M), for various time points and from tumor tissue treated chronically with AEA or vehicle, using the RNeasy Mini Kit (Qiagen, Valencia, CA) according to the instructions provided by the vendor and reverse transcribed using the Reaction Ready First Strand cDNA synthesis kit (SuperArray). These reactions were used as templates for the PCR assays using a SYBR Green PCR master mix (SuperArray) in the real-time thermal cycler (Mx5000P; Agilent Technologies, Santa Clara, CA) using commercially available primers designed against human Wnt 5a, VEGF-A, VEGF-C, VEGF-R2, VEGF-R3, and GAPDH (SuperArray). A ⌬⌬Ct analysis was performed using the control-treated samples as the reference sample. Data are expressed as relative mRNA levels Ϯ SE (n ϭ 3).
Immunoblotting. Following trypsinization, Mz-ChA-1 cells (1 ϫ 10 6 cells) were resuspended in lysis buffer as described (22) and sonicated. Immunoblots to detect Wnt 5a, phospho JNK, total JNK, and ␤-actin were performed as previously described (22) using specific antibodies against each protein. Data are expressed as fold change (mean Ϯ SE) of the relative expression after normalization with ␤-actin.
Immunofluorescence. Cells were seeded into six-well dishes containing a sterile coverslip on the bottom of each well. Cells were allowed to adhere overnight, and incubated with AEA (10 M). Cells were then washed once in cold PBS, fixed to the coverslip with 4% paraformaldehyde (in PBS) at room temperature for 5 min, permeabilized in PBS containing 0.2% Triton X-100 (PBST), and blocked in 4% BSA (in PBST) for 1 h. Wnt 5a antibody was diluted in 1% BSA/PBST, added to the coverslips, and incubated overnight at 4°C. Cells were washed 3 ϫ 10 min in PBST, and a 1:50 dilution (in 1% BSA/PBST) of cy3-conjugated secondary antibodies (Jackson Immunochemicals, West Grove, PA) was added for 2 h at room temperature. Cells were washed again and mounted into microscope slides with Antifade gold containing 4V,6-diamidino-2-phenylindole (DAPI) as a counterstain (Molecular Probes, Eugene, OR). Negative controls were done with the omission of the respective primary antibodies. Sections were visualized using an Olympus IX-71 inverted confocal microscope.
Cell proliferation assays. Mz-ChA-1 cells were seeded into 96-well plates (10,000 cells/well) in a final volume of 200 l of growth medium and allowed to adhere to the plate overnight. Because serum binds to and sequesters AEA (5), cells were then changed to serumfree media immediately before the addition of either AEA (10 Ϫ5 M), or recombinant Wnt 5a (rWnt 5a; 50 ng/ml) for 48 h. Where appropriate, cells were pretreated with the Ca 2ϩ chelator, BAPTA/AM (0.5 M) (46) or an inhibitor for JNK (30 M) (39) for 1 h before the addition of AEA or rWnt 5a as described above. Cell proliferation was assessed using a colorimetric cell proliferation assay (CellTiter 96AQueous; Promega, Madison, WI) and absorbance measured at 490 nm by a microplate spectrophotometer (Versamax; Molecular Devices, Sunnyvale, CA). In all cases, data are expressed as the fold change of treated cells compared with vehicle-treated controls.
Bromodeoxyuridine staining. Bromodeoxyuridine (BrdU) assays were performed as described previously (11) using Mz-ChA-1 cells stimulated with AEA (10 M) and rWnt 5a (50 ng/ml) for 48 h. The number of BrdU-positive nuclei was counted and expressed as a percentage of total cells in five random fields for each treatment group. Data are averages Ϯ SE of five fields in three independent experiments.
Stable transfected cell lines. The role of Wnt 5a and Ror2 expression in the antiproliferative actions of AEA were demonstrated using cells that have the expression of each of these genes stably knocked down. These cell lines were established using SureSilencing shRNA (SuperArray) plasmids for human Wnt 5a and Ror2, containing a marker for either neomycin resistance (Wnt 5a) or puromycin resistance (Ror2) for the selection of stably transfected cells, according to the instructions provided by the vendor. Briefly, Mz-ChA-1 were transfected with the shRNA-containing vectors or the control vector in a six-well plate with Mirus TransIT-LT1 Transfection Reagent (Madison, WI). Transfected cells were selected by the addition of 250 g/ml of geneticin or 0.25 g/ml puromycin into the media, and the selection process was allowed to continue for 3-4 days. Surviving cells were then split to a lower density in a 12-well plate so that each clone stems from only 5-10 cells. A total of 24 clones was then assessed for the relative knockdown of each specific gene, as well as related genes using real-time PCR, and a single clone with the greatest degree of knockdown was selected for subsequent experiments.
Intracellular calcium imaging. Changes in intracellular calcium were assessed using a modification of the method by Long et al. (26) . Briefly, Mz-ChA-1 cells were loaded with Fura-2 AM (10 mol/l) diluted in calcium-free Hanks' buffered saline (HBS) and were imaged on a Nikon Eclipse microscope with a Photometrics camera. Cells were then placed in calcium-free HBS and alternatively excited at 340 and 380 nm. The ratio of 340/380 nm was continuously monitored in at least 10 cells per treatment. After a 5-min baseline, cells were treated with either AEA (10 Ϫ5 M) or rWnt 5a (50 ng/ml) for 10 min followed by the addition of ionomycin (10 M) to induce intracellular calcium release for 5 min.
RESULTS

AEA decreased cholangiocarcinoma tumor growth in vivo.
Treatment of cholangiocarcinoma tumors with AEA for 72 days significantly suppressed tumor growth from day 41 of treatment (P ϭ 0.0086; Fig. 1A ). Histological analysis of liver, heart, and kidney indicated no significant organ damage caused by the chronic AEA treatment (data not shown), suggesting that the AEA treatment was well tolerated.
Histological analysis of the excised tumors revealed that all cells within tumors from AEA-treated and vehicle-treated animals were CK-7 positive, indicating cholangiocyte phenotype (data not shown). AEA treatment significantly decreased the area of tumor necrosis (Fig. 1B) , and semi-quantitative analysis of collagen content as a marker of fibrosis showed that AEA increased fibrosis within the tumor (Fig. 1B) .
We then analyzed the expression of the angiogenic factors of the VEGF family within the tumors. Chronic treatment with AEA decreased VEGF-C, VEGF-R2, and VEGF-R3 immunoreactivity, without any affect on VEGF-A immunoreactivity (Fig. 1C) . These data were confirmed by real-time PCR analysis of RNA extracted from the AEA-treated and vehicletreated tumor tissue. Once again, no significant effect of AEA on VEGF-A was observed; however, there was a dramatic decline in VEGF-C, VEGF-R2, and VEGF-R3 mRNA expression (Fig. 1D) .
AEA treatment increases the expression of Wnt 5a in vitro and in vivo.
Treatment of the human cholangiocarcinoma cell line, Mz-ChA-1, with AEA for various time points increased the mRNA expression of Wnt 5a from 30 min up to 8 h ( Fig. 2A) . In addition, the protein expression of Wnt 5a was also increased up to 8 h after AEA treatment in vitro (Fig. 2B) . These data were confirmed by immunofluorescent analysis of Wnt 5a expression, which showed an increase in Wnt 5a immunoreactivity predominantly in the cytoplasmic/membrane compartment of the cell (Fig. 2C) . Examination of the AEA-treated tumor tissue also demonstrated an increase in Wnt 5a mRNA and immunoreactivity compared with vehicle-treated tissue ( Fig. 2D and 2E) .
Wnt 5a decreases cholangiocyte proliferation to a similar degree as AEA. We have previously shown that AEA decreases cholangiocyte proliferation in vitro (11) . Given that AEA also increases Wnt 5a expression, we wanted to determine whether Wnt 5a could also decrease cholangiocyte proliferation. Indeed, treatment of Mz-ChA-1 cells with rWnt 5a decreased cell proliferation to a similar degree as AEA as shown by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Fig. 3A) . Furthermore, both AEA and rWnt 5a decreased the rate of BrdU incorporation compared with control-treated cells (Fig. 3B) , suggesting that both AEA and Wnt 5a decreased the rate of cell cycle progression.
To definitively prove that Wnt 5a is involved in the antiproliferative effects of AEA, we specifically knocked down the expression of Wnt 5a in Mz-ChA-1 cells to 5% of the parental cell line (Fig. 4A ) by stably transfecting a Wnt 5a shRNA construct. This had no effect on the expression of Wnt 5b (Fig.  4A) . By using these cell lines we could clearly demonstrate that AEA decreased cell proliferation in the mock-transfected cell line (Mz-neo neg) to a similar degree as the parental MzChA-1 cells (Fig. 4B) . However, the antiproliferative effects of AEA were abolished by the absence of Wnt 5a expression in the Mz-Wnt 5a cell line (Fig. 4B) , suggesting that Wnt 5a is required for the antiproliferative effects of AEA.
The downstream consequences of Wnt 5a activation are calcium independent and require the activation of Ror2 and JNK. The noncanonical Wnt pathway can be calcium dependent or independent (21). We wanted to determine which . Chronic AEA treatment decreased the immunoreactivity and mRNA expression of VEGF-C, VEGF-R2, and VEGF-R3 with no effect on the expression of VEGF-A. Data are expressed as average mRNA expressions Ϯ SE after correction for GAPDH expression; *P Ͻ 0.05. molecular pathway AEA and Wnt 5a were functioning through to exert their antiproliferative effects. Using Fura AM as a fluorescent indicator of intracellular calcium release, it was evident that neither AEA or rWnt 5a had any effect on calcium release, but subsequent ionomycin administration increased intracellular calcium (data not shown). In addition, pretreatment of Mz-ChA-1 cells with the calcium chelator BAPTA/AM before the administration of AEA or rWnt 5a failed to inhibit the antiproliferative effects exerted by these agents (data not shown).
The calcium-independent pathway that is activated by Wnt 5a involves the activation of the orphan receptor Ror2. We generated a stable transfected cell line using a specific shRNA construct against human Ror2. This cell line had Ror2 expression levels ϳ24% of the mock-transfected cell line (Fig. 5A) . Once again, AEA and rWnt 5a decreased cell proliferation in the mock-transfected cell line (Mz-puro neg; Fig. 5B ), whereas, in the Ror2 shRNA cell line (Mz-Ror2), AEA and rWnt 5a had no effect on cell proliferation (Fig. 5B) , suggesting that indeed AEA and rWnt 5a exert their antiproliferative effects through the activation of Ror2.
A downstream consequence of Wnt 5a activation of Ror2 may be the activation of JNK (38) . Indeed, treatment of Mz-ChA-1 cells or the mock-transfected cell lines by AEA and rWnt 5a increased phospho JNK by up to twofold (Fig. 6A and data not shown). However, AEA stimulation of the Wnt 5a shRNA cell line (Mz-Wnt 5a) failed to activate JNK (Fig. 6A) , and stimulation of the Ror2 shRNA cell line (Mz-Ror2) with AEA or rWnt 5a also failed to increase phospho JNK (Fig. 6A) , suggesting that AEA activates JNK by a mechanism requiring Wnt 5a and Ror2. Furthermore, pretreatment of the Mz-ChA-1 cell line with the JNK inhibitor (SP600125) prevented the antiproliferative effects of AEA and rWnt 5a (Fig. 6B) .
DISCUSSION
The findings of this study relate to the endocannabinoid system and subsequent downstream cell signaling events as potential therapeutic targets regulating cholangiocarcinoma cell growth. By using an in vivo xenograft model of cholangiocarcinoma, we showed that AEA exerts tumor growthsuppressing effects, which was coupled to increased fibrosis and decreased expression of certain members of the VEGF family of angiogenic factors. The antiproliferative effects of AEA occurred via the upregulation of Wnt 5a expression and subsequent involvement of Ror2-mediated JNK activation. These data suggest that therapies aimed at either modulating the endogenous levels of AEA in vivo, or activating the Wnt 5a/Ror2/JNK pathway may prove beneficial in the treatment of cholangiocarcinoma.
We have previously shown the antiproliferative effects of AEA in cholangiocarcinoma cells in vitro (11) . This effect was via a Cb1-and Cb2-independent mechanism involving the stabilization of lipid rafts in the plasma membrane and the recruitment of death receptor complexes into these membrane microdomains (11) . Furthermore, we have demonstrated an antiproliferative action of AEA on hyperplastic cholangiocyte proliferation via a Cb2-dependent mechanism (10) . The novel data presented here extend our findings to include the effects of chronic AEA treatment to cholangiocarcinoma tumor growth in vivo. Consistent with our findings, cannabinoids of various origins (endogenous, plant-derived, or synthetic analogs) have been shown to suppress cancer cell growth in vitro (9, (35) (36) (37) as well as in vivo (16) . Indeed, a recent clinical pilot study to determine the safety of intracranial administration of delta-9-tetrahydrocannabinol in patients with glioblastoma demonstrated a marked reduction in Ki67 staining within the tumor (19) . This observation, together with the very promising results observed in cell cultures and laboratory animals (9, 16, (35) (36) (37) , suggests that administering cannabinoids alone or in conjunction with existing chemotherapeutic agents may be a promising treatment strategy for aggressive cancers of various origins.
Our in vivo data demonstrated that AEA also decreases tumor progression by reducing the expression of trophic factors such as VEGF-C, and their receptors VEGF-R2 and VEGF-R3. These factors are necessary for the vascularization of the tumors (13, 14) and contribute to the development and growth of cholangiocarcinoma tumors. We have previously shown that ␥-amino butyric acid also exerts its tumor growth-suppressing effects in part via decreased VEGF expression (12) . Indeed, treatment of cholangiocarcinoma cells with recombinant VEGF-A increased proliferation and was shown to be responsible for the proliferative effects of estrogen (28) . Data presented here clearly show a role for the noncanonical, Wnt 5a-mediated signal transduction pathway in the antiproliferative effects of AEA. To our knowledge, this is the first demonstration of regulation of the noncanonical Wnt signaling pathway by cannabinoids. In support of our data, Wnt 5a has also been shown to have tumor-suppressive properties in other forms of cancer (24, 25, 34, 51, 52) . One possible mechanism by which Wnt 5a may exert its tumor-suppressive properties is by the antagonism of the canonical Wnt signaling pathway via Fig. 6 . Activation of JNK is necessary for the antiproliferative effects of AEA and rWnt 5a in cholangiocarcinoma cells. A: JNK activation was assessed by immunoblotting using phosphospecific antibodies in Mz-ChA-1 cells after AEA (10 M) or rWnt5a (50 ng/ml) treatment. Data are expressed as an average ratio of phospho-JNK (pJNK) to total JNK expression (Ϯ SE, n ϭ 4), and * denotes significance (P Ͻ 0.05). This JNK activation was abolished by the specific knockdown of Wnt 5a (Mz-Wnt 5a) or Ror2 (Mz-Ror2) expression. B: involvement of JNK activation in the antiproliferative effects of AEA and Wnt 5a was assessed by MTS assay. Mz-ChA-1 cells were pretreated with the JNK inhibitor (JNK Inh.) (SP 600125; 30 M) for 30 min before the addition of AEA (10 M) or rWnt 5a (50 ng/m) for 48 h, and data are expressed as fold change in proliferation (average Ϯ SE, n ϭ 7); *P Ͻ 0.05 compared with basal treatment. -1) , the mock-transfected cell line (Mz-puro neg), and the cell line containing the Ror2 shRNA (Mz-Ror2) by real-time PCR and immunoblotting (A). Data are expressed as averages Ϯ SE after correction for GAPDH expression. The effect of AEA and rWnt 5a treatment on cell proliferation was assessed by MTS assays (B). The 3 cell lines were treated with AEA (10 M) or rWnt 5a (50 ng/ml) for 48 h, and data are expressed as fold change in proliferation (average Ϯ SE, n ϭ 7); *P Ͻ 0.05 compared with basal treatment within each cell line.
downregulation of the intracellular ␤-catenin protein levels and concomitant decrease in ␤-catenin activity (52) . The subsequent activity of the canonical Wnt pathways after AEA treatment in cholangiocarcinoma has not yet been studied.
Our data indicate a role for the tyrosine kinase orphan receptor Ror2 and subsequent JNK activation in the activated noncanonical Wnt pathway. Wnt 5a activation of Ror2 has been established as an alternative noncanonical pathway to the Wnt/Ca 2ϩ pathway (32, 38) , and it may regulate various biological functions such as filopodia formation (31) and cell polarity (50) . An antiproliferative effect of the Wnt 5a/Ror2/ JNK pathway has previously been shown in colon cancer cells, which ultimately resulted in the suppression of the defective canonical Wnt signaling pathway in these cells (27) . Furthermore, increased nuclear staining of ␤-catenin, indicative of canonical Wnt signaling activation, has been demonstrated in cholangiocarcinoma biopsy samples (44) .
The effects of JNK activation on cholangiocarcinoma cell growth has previously been studied (49) . Treatment of cholangiocarcinoma cells with tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) triggered an apoptotic pathway that involved JNK-dependent events (49) . The data presented here demonstrate that JNK activation is also required for the antiproliferative effects of AEA. We have previously shown that AEA treatment facilitates death receptor complex formation (11) , an event that is also necessary for TRAIL-induced apoptosis (45) . Taken together, these data support our findings of an AEA-stimulated activation of JNK and its subsequent role in the antiproliferative effects.
We have previously shown that AEA exerts its antiproliferative effects by stabilizing the lipid raft structures (11) . Whether the activation of the Wnt 5a-dependent pathway by AEA shown here is directly associated with lipid rafts or is a downstream consequence of a lipid raft-mediated event is unknown. However, there is evidence to suggest that Wnt signaling molecules can be targeted to lipid raft structures (53) . The role of lipid rafts in the activation of Wnt 5a-mediated signaling is a topic of ongoing research in our laboratory.
In conclusion, we have demonstrated antiproliferative effects of AEA in an in vivo xenograft model of cholangiocarcinoma, and this occurs via the upregulation of Wnt 5a expression and subsequent activation of Ror2 and JNK. We propose that the development of novel therapeutic strategies aimed at modulating the endocannabinoid system, or mimicking the mode of action of AEA, would prove beneficial for the treatment of this devastating disease.
